Several strains of cucumber mosaic virus (CMV) have been classified, and nucleic acid hybridization data indicate that these strains differ widely in nucleotide sequence. We have constructed cDN A clones of the coat protein coding regions of CMV strains C and WL, and have compared the nucleotide sequences of the RNA 3 intergenic region, coat protein gene, and 3' untranslated region with published CMV sequences from the same regions of the Q, D and Y strains. These comparisons show that the C and WL strains belong to different CMV subgroups, and that the subgroups are more closely related in sequence than suggested by previous nucleic acid hybridization studies.
INTRODUCTION
Cucumber mosaic virus (CMV) consists of a large number of strains (Kaper & Waterworth, 1981) which have been characterized by serology (Devergne & Cardin, 1973 , host range studies (Marrou et al., 1975) , peptide mapping (Edwards & Gonsalves, 1983) and nucleic acid hybridization (Piazzolla et al., 1979; Gonda & Symons, 1978) , and can be classified into two major subgroups designated S and WT by Piazzolla et al. (1979) . The nucleic acid hybridization studies have shown that the genomes of the different strains can diverge widely even between those in the same subgroup. However, direct nucleotide sequence information to support these results has not been available, since relatively few of the strains have been sequenced. Only CMV-Q has been sequenced completely (Rezaian et al., 1984 (Rezaian et al., , 1985 Gould & Symons, 1982; Davies & Symons, 1988) , but this strain is a representative of the S subgroup, which in the study of Piazzolla et al. (1979) consists of only three members, as opposed to 17 in the WT subgroup. For strains in the WT subgroup, extensive nucleic acid sequence information has been published for portions of the genome of two strains, D and Fny (Cuozzo et al., 1988; Rizzo & Palukaitis, 1988) , but only the 5'-terminal 106 nucleotides of strain Y are known (Hidaka et al., 1985) . Therefore, additional sequence information is needed for a more accurate characterization of various CMV strains and a determination of the degree of nucleotide sequence variation among their genomes.
Consequently, we have begun to clone and determine the nucleotide sequences of various strains of CMV. Our initial interest has been the region of the CMV genome that contains the coat protein gene. This is because the greatest amount of data from other sources exists for this region of the CMV genome (e.g. serology, peptide mapping, amino acid composition). Furthermore, the coat protein region is of interest because recent reports have shown that transgenic plants which express a viral coat protein (including CMV coat protein) are protected against infection by the corresponding intact virion (Powell-Abel et al., 1986; Tumer et al., 1987; Loesch-Fries et al., 1987; Nelson et al., 1987 Nelson et al., , 1988 Van Dun et al., 1987; Cuozzo et al., 1988; Hemenway et al., 1988) .
This study reports the nucleotide sequence of the coat protein region of RNA 3 from CMV strains C and whiteleaf (WL). We compare these sequences to those published for other CMV 0000-8776 © 1989 SGM H. QUEMADA AND OTHERS strains, and present evidence that CMV-C belongs to the WT group while CMV-WL belongs to the S group.
METHODS
Virus strains. Both strains used in this study were originally isolated in New York State. CMV-C was isolated from Cucurbita pepo (Edwards & Gonsalves, 1983) ; CMV-WL was isolated from Lycopersicon esculentum (Gonsalves et al., 1982) .
RNA isolation. Viruses were propagated in Nicotiana tabacum cv. Xanthi, and isolated by the method of Lot et al. (1972) . R N A was extracted from purified viruses by phenol extraction and ethanol precipitation. For cloning, the various RNA components of CMV-WL were fractionated on a 7.5 to 30~ linear sucrose gradient in PEN buffer (10 mM-NaH2PO,, 1 mM-EDTA, 1 raM-NaN3, pH 7-0: Edwards & Gonsalves, 1983) , and RNAs 3 and 4 were isolated separately. RNA 3 was used as the template for double-stranded cDNA synthesis and RNA 4 was used as the template for a single-stranded eDNA probe. Total RNA from CMV-C was used as the template for doublestranded cDNA synthesis.
cDNA synthesis and cloning. Polyadenylated CM V RNAs were prepared by the method of Maniatis et al. (1982) , using Escheriehia coli poly(A) polymerase (Bethesda Research Laboratories). This polyadenylated RNA was used as the template for cDNA synthesis according to the protocol of Polites & Marotti (1986) , using RNAse H (Pharmacia) and avian myeloblastosis virus reverse transcriptase (Seikagaku America) to synthesize the second strand. The double-stranded cDNA was methylated by incubation in 100 mM-NaCI, 100 mM-Tris-HC1 pH 8-0, 1 mM-EDTA, 80 p.M-S-adenosylmethionine, 100 I-tg/ml bovine serum albumin and 20 units of EcoRI methylase (New England Biolabs) at 37 °C for 30 min. Ligation of EcoRI linkers, purification of linkered double-stranded cDNA, and subsequent ligation to 2gtl 1 (Stratagene) was done according to Huynh et al. (1985) . Gigapack Plus packaging extracts (Stratagene) were used to package the recombinant phage DNA. For CMV-C, the resulting phage library had a titre of 3 x 106 p.f.u./ml, 83 ~ of which contained inserts, based on the X-gal colour reaction (white plaques) when the phage were plated on the host Y1088. This percentage was subsequently confirmed by plating an aliquot of the library on the host DP50supF and digesting DNA minipreparations (Maniatis et al., 1982) of randomly picked plaques with EcoRI. For CMV-WL, the phage library had a titre of 2 x 105 p.f.u./ml, 74~ of which contained inserts, based on the X-gal colour reaction and subsequent restriction digests of minipreparations of randomly picked plaques. In addition, the CMV-WL RNA 3 double-stranded cDNA was also ligated to 2 Zap arms (Stratagene), packaged and plated according to the supplier's instructions. The resulting Zap library had a titre of 2 x 10 ' p.f.u./ml, with 82~ of the phage containing inserts based on the X-gal colour assay.
Isolation ofCMV-containing recombinant phage and their DNA. Phage clones containing the coat protein coding region of CMV were identified by filter hybridization with a single-stranded CMV-WL RNA 4 cDNA probe. Of the CMV-C clones that hybridized to the probe, one clone containing an insert of 1.3 kb was subcloned into pUC19 for further sequence analysis (designated pC9.9). For CMV-WL, one 2gtl I clone (WL3.4, containing a 1 kb insert) and one ~. Zap clone (WL3Z8, containing a 2 kb insert) were subcloned into pUC19 for sequencing (designated pWL3.4 and pWL3Z8, respectively) .
DNA sequencing and sequence analysis. Chemical sequencing was performed as described by Maxam & Gilbert (1980) . Generally, 10 to 20 ~tg of plasmid or 50 ~tg of A phage DNAs were digested with the appropriate restriction enzyme and 5' end-labelled. The conditions for end-labelling and chemical sequencing to enable the reading of > 600 bp per experiment have been described previously (Chang & Slightom, 1984) . A description and detailed procedure for forming, running and exposing the 100 cm bellbottom sequencing gels have been presented by Slightom e! al. (1987) . The strategies used for sequencing the inserts in pC9.9, pWL3.4 and pWL3Z8 are shown in Fig. 1 .
The computer programs of the University of Wisconsin Genetics Computer Group were used to analyse nucleotide sequence data. These programs were designed for use on the Digital Equipment Corporation VAX computer (Devereux et al., 1984) . In calculating the percentage divergence between the nucleotide sequences of the CMV strains, alignments were made by computer and the percentage of mismatching bases was calculated, counting gaps regardless of length as a single nucleotide difference. The published sequence for CMV-Q RNA 3 (Gould & Symons, 1982; Davies & Symons, 1988 ) was used as a basis for assigning the coat protein and flanking regions in this study.
RESULTS
Based on the cDNA clones, the RNA sequences of the intergenic region, coat protein gene and 3' untranslated region of CMV-C and CMV-WL clones are presented in Fig. 2 
The intergenic region
Nucleotide sequencing showed that the intergenic region of CMV-C is 297 nucleotides long, and shares a 96 ~ nucleotide sequence similarity with the partially sequenced intergenic regions of two other CMV strains, CMV-D (Cuozzo et al., 1988) and CMV-Y (Hidaka et al., 1985) . However, CMV-C was found to share only an 81~ and 82~ similarity with Q and WL, respectively. In comparison, CMV-WL was found to have an intergenic region of 284 nucleotides which shares a 92~ similarity with CMV-Q. It shares only a 69~ similarity with CMV-D and 71 ~o similarity with CMV-Y. Since sequence information was only available for a part of the D and Y intergenic region, the latter percentages reflect the fact that the sequence heterogeneity between the two CMV subgroups is greatest in the 3' 77 nucleotides of the intergenic region, corresponding to the 5' untranslated leader of the subgenomic RNA 4. Thus, the intergenic regions of CMV-C, D and Y are distinct from those of Q and WL.
Analysis of the sequence of the CMV-C and CMV-WL intergenic region revealed the presence of the conserved sequence GGUUCAA (nucleotides 189 to 195 in Fig. 2 ). This sequence is conserved in cucumo-and bromovirus intergenic regions (French & Ahlquist, 1987; Davies & Symons, 1988) , and is part of a more extended sequence which in brome mosaic virus 
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The coat protein
Based on the nucleotide sequence, the coat proteins of CMV-C and CMV-WL were both predicted to be 218 amino acids in length (Fig. 3) , with a calculated Mr of 24159 for C and 24183 for WL. The CMV-C and CMV-WL coat protein genes are distinct from each other, sharing only a 76~o nucleotide sequence similarity (81~ predicted amino acid similarity). When compared with the coat protein genes of the other CMV strains (Fig. 3) , the distinction between subgroups was again observed: CMV-C shares a 99~ nucleotide sequence similarity (98~ amino acid similarity) with CMV-D, but only a 78~ similarity with CMV-Q (81 ~ amino acid similarity). Conversely, the CMV-WL coat protein gene shares a 99~ nucleic acid similarity (98 ~o amino acid similarity) with CMV-Q, but only a 77 ~ similarity (82 ~ amino acid similarity) with CMV-D.
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C*y**e******************************************************************* (Fig. 3) . Because of its high conservation, this region is likely to play an important role in the higher order structure of the coat protein. 
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The 3" untranslated region
Comparison of the 3' untranslated regions of CMV-C and CMV-WL showed only a 73 nucleotide sequence similarity between these strains (Fig. 4) . Furthermore, comparison of the 3' untranslated regions from strains C, D, Q and WL again allowed us to classify them into two groups. We found 98~ sequence conservation between CMV-C and CMV-D, but only 70~ conservation between C and Q. On the other hand, there is 94 ~ sequence conservation between CMV-WL and CMV-Q, but only 71~ conservation between CMV-WL and CMV-D.
This region was found to exhibit the most variability from the standpoint of gaps in the sequence (Fig. 4) . For example, even though there is close conservation between the WL and Q sequences, there is a 6 bp stretch of nucleotides present in Q but not in WL (nucleotide positions 1152 to 1157), and conversely a 9 bp stretch of nucleotides present in WL but not in Q (nucleotide positions 1311 to 1319).
DISCUSSION
These data show that nucleic acid sequences can vary considerably between the two CMV subgroups. However, the sequence divergence between members of the two different subgroups is not as great as previous nucleic acid hybridization data have indicated. For example, in the study of Piazzolla et al. (1979) , members of different CMV subgroups shared at most a 14~ sequence similarity. Likewise, the hybridization data of Gonda & Symons (1978) also show extreme sequence divergence between CMV-Q and CMV-M (presumably belonging to different subgroups), with estimates of sequence similarity ranging from 20 to 26~ for RNA 4. In contrast, we have found that CMV-C and CMV-WL [placed in different subgroups by peptide mapping data (Edwards & Gonsalves, 1983) ] share a 77~ overall sequence similarity for the region we have examined. While this region encompasses only the coat protein gene and flanking sequences, it is reasonable to assume that it should be representative of the degree of conservation between CMV-C and CMV-WL genomes, and between the two CMV subgroups in general. This assumption is supported by the recently determined sequence of RNA 2 from the Fny strain of CMV, which belongs to the WT subgroup; it shares 71 ~ sequence similarity with the Q strain (Rizzo & Palukaitis, 1988) .
The intergenic regions of the four strains examined here clearly fall into two groups, primarily distinguishable by either large insertions or large deletions. Although the biological effect of these changes has not been determined, their conservation within but not between groups suggests that the changes are involved in a function which is group-specific. Underlying the differences between groups are regions which are conserved throughout the four strains. These sequences may be involved in fundamental viral functions, such as replication, and may therefore be expected to be conserved between subgroups. As mentioned above, the GUUCAA sequence may have such a fundamental function.
Previous peptide mapping data have allowed the assignment of CMV-C to the WT subgroup, but resulted in only tentative assignment of the WL strain to the S subgroup (Edwards & Gonsalves, 1983) , The present data support these conclusions and permit a more definite classification of the WL strain as a member of the S subgroup: the nucleotide sequence of WL is almost identical to that ofQ (a member of the S subgroup) but diverges from those of two strains known to be in the WT subgroup.
Predicted amino acid sequence differences in the CMV coat proteins (Fig. 3) suggest that protease digestion can also be used to distinguish between the two CMV subgroups. For example, chymotrypsin should cleave the coat protein of strains C and D after Phe 33 but not after Leu 33 in strains Q and WL. In addition to protease digestion, cyanogen bromide cleavage of viral coat proteins should also distinguish the two subgroups. CNBr should cleave CMV-Q and CMV-WL after Met 40, but not CMV-C and CMV-D at this position.
The sequences of the 3' untranslated region are also distinct between the two groups and are consistent with the assignment of CMV-C and CMV-D to the WT subgroup, and CMV-Q and CMV-WL to the S subgroup. As with the intergenic and coat protein regions, insertions or deletions as well as most nucleotide sequence substitutions are characteristic of each group. However, there appears to be more variability within groups in this region than in the previous two regions (Fig. 4) . Against this background of variability, the few regions which are conserved in all four strains, e.g. nucleotides 1112 to 1140, are striking. Some of them lie in the 3' 200 base pairs and may, therefore, be conserved in order to maintain the secondary and tertiary structure of this region (Hall, 1979; Ahlquist et al., 1981 ; Haenni et HI., 1982; Rietveld et al., 1983) . This region has been shown to affect such functions as amino acid charging of viral RNA, and viral replication (Kohl & Hall, 1974; Hall, 1979; Haenni et al., 1982; Bujarski et al., 1985; Miller et al., 1986; Weiner & Maizels, 1987; French & Ahlquist, 1987) . On the other hand, conserved sequences outside this structure may also have some as yet undetermined functional importance. The sequencing of a larger number of CMV strains is required in order to determine more accurately the extent of conservation of these sequences and, consequently, the probability of their functional significance.
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